Mitochondrial disease comprises a highly hetero geneous group of disorders in which mitochondrial function is impaired as a result of mutations located either in mitochondrial DNA (mtDNA) itself or in a large number of nuclear genes involved in mitochondrial function. [1] In 2015 the House of Commons in the UK voted to endorse the use of pioneering in vitro fertilisation (IVF) techniques to protect future generations from the risk of mtDNA disease by the use of mitochondrial donation.
More than one method to implement mitochondrial donation has been suggested in the literature. Options include the transfer of pronuclei from the parents into a mitochondrial donor zygote, [2] or alternatively metaphase II spindle transfer into a mitochondrial donor oocyte. [3] In both these scenarios, the offspring inherit their nuclear DNA (nDNA) from the gametes contributed by both parents but their mtDNA from another female (donor), introducing the threeparent scenario that has sparked controversy and debate. [4, 5] Mitochondrial DNA has several properties that distinguish it from nDNA: it is strictly maternally inherited and does not undergo recombination; it is not wrapped around histone proteins for protection, and is consequently exposed to high levels of mutationgenerating free radicals; and there are many copies per cell, ranging from two up to several thousand. In addition, the mutation rate in mtDNA is about 10 times greater than in nDNA, and replication errors are less likely to be repaired. The high mutation rate coupled with the polyploid nature of the mitochondrial genome gives rise to an important feature of mitochondrial genetics, namely homoplasmy and heteroplasmy. In simple terms, homoplasmy is when all copies of the mitochondrial genome in a given cell/tissue/organ are identical, and heteroplasmy is when there is a mixture of two or more mitochondrial genotypes. [1] Mutations in mtDNA often lead to deleterious consequences. Some mutations affect all copies of the mitochondrial genome (homoplasmic mutation), whereas others are only present in some copies of the mitochondrial genome (heteroplasmic mutation). In the presence of heteroplasmy, there is a mutation threshold level that is important both for the clinical expression of the disease and for biochemical defects. The precise threshold depends on the pathogenicity and the tissue involved, resulting in a complex and heterogeneous pattern of disease presentation. [1] Another level of complexity is introduced when a populationspecific mutation is associated with the aetiology and presentation of a disease. [6, 7] Differences in disease presentation are also found between adult and paediatric patients: adults may present with one of the characteristic mtDNA phenotypes such as mitochondrial encephalomyopathy, lactic acidosis and strokelike episodes (MELAS), whereas paediatric patients tend to present early with severe, complex neurological manifestations, hepatopathy, renal tubulopathy, endocrinopathy or cardiomyopathy with rapid progression.
The current regulations in the UK state that mitochondrial IVF techniques should be limited to selected cases where 'there is a particular risk that the patient's egg or an embryo created using the patient's egg will carry a mtDNA abnormality and that there is a significant risk that a child born from the use of that egg will have or develop a serious mitochondrial disease' . [8] Suitable infrastructure and capacity to perform the necessary molecular diagnosis together with interpretation of clinical data linking a particular mtDNA mutation to the disease is required. While many laboratories in the UK are capable of providing such services, it is timely for us to examine the level of service capability in South Africa (SA).
Although individually rare, as a group mitochondrial genetic disorders are thought to be responsible for a substantial proportion of inherited metabolic disease. An estimated prevalence of 1:5 000 1:10 000 has been reported in several (mostly developednation) populations.
[913] However, the prevalence of mitochondrial genetic disorders is still largely unknown in SA. To stimulate dialogue on the status of mitochondrial disease diagnosis and research in SA, a workshop was convened in Potchefstroom, North West Province, in November 2014 that enabled a small group of local scientists and clinicians to engage with colleagues from the UK on this subject. [7] Two centres are involved in mtDNA diagnostics in SA: the Inheri ted Metabolic Diseases (IMD) Laboratory of the National Health Laboratory Service (NHLS) in Cape Town and the Mitochondria Research Laboratory in the Centre for Human Metabolomics (CHM) at North West University (NWU) in Potchefstroom. The IMD laboratory serves as the referral centre for mtDNA disease genetic studies. Molecular testing for deletions and common point mutations associated with classic phenotypes such as MELAS is offered, as well as limited targeted nuclear gene sequencing (Table 1) . Referrals for common mutations were only positive in about 6% of >1 000 cases examined between 1990 and 2012. [7] This low percentage can be attributed in part to incom plete clinical information received with specimens sent for molecular testing, lack of capacity to track and test maternal relatives, and inappro priate requests. Often it is difficult to establish whether: (i) the correct tissue was supplied; (ii) the test requested matched the phenotype; or (iii) other possible diseases were excluded. From August 2015, this laboratory has shifted its diagnostic strategy to that of sequencing of the entire mtDNA genome using a nextgeneration sequencing approach, as well as widening its nuclear gene sequencing repertoire for non mtDNA inherited mitochondrial disorders (Table 1) . Clinical screening is being strengthened to try to improve diagnostic efficiency.
The Mitochondria Research Laboratory in the CHM at NWU, which is not affiliated to the NHLS IMD Laboratory, has since 1998 approached mtDNA disease investigations mainly in cohort investi gations with the Department of Paediatrics, University of Pretoria, as well as ad hoc cases from elsewhere in SA. The laboratory approaches molecular investigations using fulllength mtDNA nextgeneration sequencing, which follows respiratorychain singleenzyme kinetics in muscle biopsies and urine metabolomics investigations from clini cally selected patients. [14, 15] A collaborative research project undertak en by this laboratory with the University of Pretoria involved a cohort study of >200 wellcharacterised paediatric patients with clinically diagnosed mitochondrial disease drawn from Limpopo, Gauteng and Mpumulanga provinces. Respirometry and singleenzyme analyses were conducted in muscle biopsies to confirm mitochondrial disease in these patients. Even at this high level of resolution, <1% of mtDNA mutations detected were linked with known pathogenic mtDNA mutations, indicating that many novel mtDNA mutations with as yet unresolved impact were present in this cohort. [6] In order to enter the debate on whether or not SA should offer prenatal testing or interventions such as the IVF technique described above to patients with mtDNA disease, we should at least be able to Could we offer mitochondrial donation or similar assisted reproductive technology to South African patients with mitochondrial DNA disease? predict the number of women who would benefit in this country, as was done for the UK and the USA. [4] Using the data presented above and considering that there are <70 genetically confirmed cases in a country with a population of ~56 million (i.e. 1:900 000 compared with an estimated 1:5 000 worldwide), it would appear that the number of undiagnosed cases in SA is staggeringly high.
Furthermore, from observations made on other inherited meta bolic disorders, such as type 1 glutaric aciduria, galactosaemia and cystinosis, [1618] it is becoming increasingly evident that the mutations commonly reported do not appear to reflect the diseasecausing mutations among black African populations. [7] More research is required locally to understand patterns of mtDNA variation in black African groups so that a judicious assessment can be made when attempting to distinguish those mutations that are associated with mtDNA disease from those that have evolved stochastically over time. Given the gaps that exist in identifying mtDNA and nDNA mutations linked with mtDNA disease, coupled with the lack of adequate patient biochemical and clinical information, the situation in SA is far from optimal for diagnosing mtDNA disease.
What should be done to improve the situation? A more integrated approach involving the availability of clinical, biochemical, molecular and imaging data, as illustrated in Fig. 1 , is required to refine the diagnosis of mtDNA disease. Clinicians play a vital role, as robust clinical assessment and diagnosis is required prior to submitting samples for molecular screening. Often the pattern of mtDNA disease symptoms only becomes apparent over time with consistent follow up, usually by the same clinician. SA's overloaded primary healthcare system is not designed to focus on rare disorders, and the time required to conduct proper examinations for more complicated cases is often not available. However, symptoms such as growth failure, deafness, epilepsy and muscle weakness are easily recognisable and are referable.
Moreover, good support in terms of access to neuroimaging (magnetic resonance imaging) and experienced histopathology services are also necessary. For the diagnosis of mitochondrial disease, enzyme analyses in tissue biopsies along with the more extensive biochemical analyses (e.g. respirometry and other functional and structural investigations) are needed to support molecular genetic investigations. The availability of nextgeneration sequencing platforms makes sequencing of the entire mitochondrial genome feasible and costeffective for consideration as a routine diagnostic test. This will assist in determining at least the involvement of the mitochondrial genome when suggested from clinical observations, particularly in adult patients. However, strong collaborations between diagnostic and research teams are key in linking pathogenicity to novel or known mtDNA mutations detected with this technology. [19, 20] Mitochondrial disease is present in all SA populations, but the majority of patients have not been able to obtain a molecular diagnosis. The declining cost of conducting wholemtDNA sequencing will allow identification of mtDNA mutations and improve our capacity for accurate diagnosis and appropriate patient counselling and management. Extension of molecular testing to look at nuclear genes should enhance this capacity further. Both should be guided by supportive biochemical testing. Now that these strategies are being put in place to offer a basic but robust service for diagnosis of mtDNA diseases, it is time for SA to initiate a debate on the IVF technique that has been topical elsewhere. 
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